A single-stage subsonic compressor was examined with respect to compressor instabilities.
INTRODUCTION
Presently, engine stall is one of the most challenging problems in the evolution process of gas turbines. It is caused by unstable flow conditions in the engine's compressor unit. Engine stall is avoided by forbidding operation in ranges that are critical in terms of compressor instabilities. This in turn reduces the engine performance and/or increases the weight.
The passive avoidance strategy causes a conflict between the demand for more efficient engines on the one hand and safe engine operation on the other hand. Inclusion of active stall control methods into the engine control system may be one way to solve the conflict.
A control system is under development which shall allow the safe operation of a turbo compressor close to its stability line. Compressor stall caused by transient inlet distortions shall be actively suppressed in such a manner that the compressor's operating regime varies as little as possible. With respect to the design of such a control system, the following questions are addressed:
1. How do instabilities develop in the compressor?
2. Where can compressor instabilities be seen first and how can unstable compressor operation be identified as early as possible? 3. How do the results affect the design of the control system? EXPERIMENTAL SETUP Figure gives an overview of the compression system configuration. The compressor and a downstream throttle (A) are located in an inlet duct which is connected to a plenum. The plenum discharges into an exit duct with a dynamic throttle (B) . Figure 2 depicts the compressor with the inlet duct, the diffuser, and the downstream throttle A which was used for the experiments. The test stand can be seen in Fig. 3 . Table ! gives a brief overview of the compressor data. Figure 4 shows the characteristic for a rotor speed of 3700 rpm at which the experiments were carried out. 
MEASUREMENT RESULTS AND DISCUSSION
The measurements were performed in three operating modes"
1. During stable operation it was examined whether flow phenomena can be found that indicate the approach of the stability line before the onset of compressor stall.
2. The compressor behaviour was examined during the transient from stable to unstable operation. 3. The modes of unstable operation and the characteristics for each mode were determined as a prerequisite for modelling the compressor.
Stable Operation
The speed line of the stable operating mode can be seen in Fig. 4 . The relative minimum of the pressure rise at 0.11 is explained in Wang and Hennecke (1994) . Flow separation in the rotor at mid-span leads to the reduction of the pressure rise when the mass flow is reduced below =0.63. They are stable thus allowing an increasing pressure rise at mass flow rates below =0.55.
Dynamic measurements in the rotor wake were taken to obtain data for the real-time identification of the operating point (cf. Koenig et al., 1992; Wang et al., 1993; 1994; Windirsch 1995) . However, since non-intrusive measurement techniques are preferred for the stall control system, it was examined whether indicators for flow separation during stable operation can be found at the compressor casing. Figure 7 shows the wall static pressure distribution in the vicinity of the rotor. The reference system is fixed to the rotor. Type-II sensors (see Fig. 6) Figure 8 shows the radial location where upcoming stall can be seen first. With a type-I probe (see Fig. 6 ), the time was determined after which upcoming stall could be seen relative to a type-II sensor located at the casing. Both sensors were mounted in the axial location A (see Fig. 5 ). Operation).
Development of the stall cell A field of type-III probes (see Fig. 6 ) in the positions A1-A8 (see Fig. 5 ) and two type-II probes in the locations B2
and B8 were used to examine the evolution of an upcoming stall cell. Only stall inceptions with a single stall cell were regarded. For 11 stall inceptions the size and the circumferential location of the stall cell during the evolution process were manually extracted from sensor signals as they can be seen in Fig. 21 . The time history of the cell size is shown in Fig. 9 , and the development of the cell speed in the absolute frame of reference can be seen in Fig. 10 . The results indicate that stall develops from a small disturbance which rotates at rotor speed. As it grows it decelerates to approximately 45% rotor speed in the absolute frame of reference. 
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Mass flow and pressure rise transients When examining the transients of the mass flow and the pressure rise during stall inception, the probes should be out of reach of the stall cell to avoid erroneous measurement results. The experimental setup for the mass flow measurements are shown in Fig. 11 . The compressor ingests air from a large settling chamber (i.e. the laboratory). The inlet of the settling chamber is a nozzle where a hot-wire anemometer is installed. Assuming incompressibility of the fluid, the velocity in the nozzle is a measure for the instantaneous mass flow through the compressor. The nozzle was kept short in length, and the Mach number in the nozzle throat was kept small. Thus, additional effects due to compressibility and inertia of mass can be neglected.
The transient of the total pressure rise in the compressor was determined by measuring the wall static pressure in the diffuser between the compressor and throttle A. When compressibility effects can be neglected, the static pressure there depends on the total pressure rise in the compressor, the mass flow, and the rate of change of the mass flow. Figure 13 shows the measured and the computed hysteresis in mass flow and pressure rise between different operating modes. The hysteresis between stable operation and part-span stall is significant. The hysteresis between part-span stall and full-span stall was found to be small. It was possible to adjust the throttle in a way that the compressor alternated self-acting between the two modes, repeatedly.
For the successful suppression of compressor stall, it is crucial that upcoming stall is identified and the backpressure is adjusted within a time that is well below the development time of the rotating stall (roughly 10 rotor revolutions, see Figs. 9 and 10). Only then the variation of the operating point can be kept small. 
Unstable Operating Range
The measured and the modelled characteristics for both the part-span and the full-span stalls operating regimes are shown in Fig. 14 . The mass flow and the pressure rise were determined as described in Section Transient Operation.
In order to obtain an impression of the shape of the fully developed stall cells, a type-I probe was traversed at the location B4 (see Figs. 5 and 6) during both part-span and full-span stalls operation. The signal from a type-II sensor in the same axial location was recorded at the same time. This signal could then be used to create a frame of reference that is fixed to the stall cell thus allowing the circumferential association of the signals from the various radial locations. (dark areas). (1976) .
The assumptions for the fluid dynamic model of the ducts and the plenum as well as the equations of motion are the same as in Greitzer (1976) . When throttle A is used, both ducts and the plenum can be regarded as a single duct because then the potential energy that can be stored in the plenum is negligible.
Pressure losses in the ducts which are not caused by the throttles A and B are modelled with additional throttles with constant flow-through area. These throttles are in line with the other components in the ducts (see Fig. 17 ). The flowthrough areas of the additional throttles were found experimentally.
The compressor model should provide a sufficient representation of the compressor for both steady state and.transient operation. The approximation for the transient compressor response in Greitzer (1976) was replaced by a non-linear approximation that was deduced from the experimental data shown in Section Development of the Stall Cell. AN AXIAL COMPRESSOR 85 Applying the models shown above, the transients of the compressor pressure rise can be derived from the measured mass flow transients. Together with the compressor characteristics, the transient compressor response was found to be as follows (see also The sign of (dII/dt) is equal to that of (IIss-II).
The complete model of the test stand is shown in Fig. 17 . It was applied to simulate the pressure and mass flow transients after stall inception. The results are depicted in Fig. 12 together with the measured data. Figure 13 shows the computed transient compressor mass flow and pressure rise when the operating mode changes between stable and unstable operations, and between part-span and full-span stalls. It must be stressed that the compressor model represents only the given compressor. In order to estimate the transferability of the model, it has to be compared to the experimental data of other compressors.
REAL-TIME STALL DETECTION
The detection of unstable compressor operation is crucial for any stall control system. The data analysis algorithms should indicate unstable compressor operation in an as-early-as-possible state.
At the same time they must not exceed the capabilities of the real-time processor applied for the control system. Both aspects were taken into account. This section describes algorithms with respect to their ability for detecting unstable compressor operation.
In Koenig et al. (1992) ; Wang et al. (1993, 1994, 1995) and Windirsch (1995) , self-learning methods (Artificial Neural Networks, Vector Quantisation, etc.) are described that were applied for the realtime operating point estimation in the stable operating regime. For the application in the stall control system these methods have two drawbacks:
(1) Intrusive measurement techniques should be avoided in the control system. (2) The operating point estimation is based on the detection of changes in the rotor wake as a result of operating point changes. However, when the compressor is operating near the limit of stability stall can evolve without any prior change of the operating point. In that case the above mentioned methods would fail.
Subsequently, non-intrusive measurement techniques and data analysis methods are described which were examined with respect to their ability for the real-time detection of unstable compressor operation. Three of the methods were found to be useful and will be applied in the control system.
Measurement Techniques
Microphone For the human perception, the compressor sound changes significantly with the 86 R. SCHULZE et al.
operating point. This is particularly the case near the stability line. Therefore, a microphone was installed 0.5 m upstream of the compressor intake, and self-learning methods, as described in Section Data Analysis Methods, were applied to extract pre-stall indicators from the signal. Compared to the other signal sources examined, the microphone was not advantageous for the stall detection. Because of the many sources of sound at the test stand, the microphone signal was noisy and difficult to analyse. It was therefore found not to be useful for the control system.
Dynamic pressure probes In Section Transient
Operation it was shown that upcoming stall can be seen at the compressor casing first. This allows the application of non-intrusive wall static pressure probes for the stall detection. For the data analysis methods subsequently described, an array of eight type-III probes was located at the positions A1-A8, and two additional type-II probes were located at the positions B2 and B8 (see Figs. 5 and 6).
Data Analysis Methods
Small amplitude travelling waves In Garnier et al. (1991) , small-amplitude travelling waves in the compressor annulus are described which grow exponentially when the compressor operation becomes unstable. Thus, the wave amplitude can be used as a pre-stall indicator. Figure 18 shows the frequency power spectrum of one of the type-III probes during stable operation near the stability line. The peak at a frequency of 30-50% of the rotor frequency is believed to originate from the waves described in Garnier et al. (1991) . However, the waves could only be seen temporarily and therefore were not applicable for a continuously working stall monitoring system. Self-learning algorithms A Perceptron as described in Cichocki and Unbehauen (1993) Figure 19 shows the pressure signal of one sensor, the power of the first circumferential harmonic, and the phase angle of the dominating pressure asymmetry in the annulus during stall inception. Before stall, pressure fluctuations that rotate at rotor speed are dominant. As the compressor approaches the stability line, the fluctuations increase. It is yet to be examined whether the fluctuations can be used as stall margin indicators.
As stall evolves, the stall cell clearly dominates the first circumferential harmonic. The power of that frequency sharply increases and can be used as an indicator for upcoming stall. During the evolution of the stall cell, the circumferential location and the cell size can be extracted from the data. This may become useful for the quantification of the capabilities of the stall control system.
The continuous deceleration of the stall cell in the absolute frame of reference (cf. Fig. 10 ) can be seen in the phase-vs-time plot only from the moment when the stall cell contributes the dominating pressure assymetry in the annulus (t > 0). In the upper part of Fig. 20 the pressure signal of a type-II sensor in the location B2 (see Figs. 5 and 6) is shown as well as the corresponding spectral density of the blade passing frequency in the signal. Flow separations in the rotor lead to a significant drop of the spectral density which can be used as a stall indicator. One disadvantage of this method is the high response frequency and data sampling rate that is required to resolve the blade passing frequency.
Another way to apply the STFT is the correlation of the pressure signals with frequencies that exit when stall evolves. Due to the damping of the pressure pertubations upstream of the rotor and the growing of the stall cell, a wide range of frequencies below the blade passing frequency can be seen in the pressure signal during the evolution of stall. The feasibility of the STFT for the stall detection in conjunction with the type-III sensor was to be determined. In order to keep the response time short the pressure signal was correlated with half the blade passing frequency, which is near the maximum of what can be resolved with the type-III sensors. In the lower part of Fig. 20 suppressed and for f2 all frequencies including and above the rotor frequency respectively. A limit for A can be found empirically so that it indicates upcoming stall when the limit is exceeded. Figure 21 shows the eight type-III sensor signals during stall inception. For each signal the point is shown where upcoming stall was detected first.
ASPECTS OF THE IMPLEMENTATION OF ALGORITHMS ON A REAL-TIME COMPUTER
A digital signal processor (DSP) is applied for the data aquisition, the data analysis, the digital controller, and the operation of the step motor of the dynamic throttle. With respect to the technical feasibility as well as the schedule of the project it was found to be critical that the aspects of real-time computing are considered from a very early state of the project.
During the development of the control system, the cooperation with the Institute of Microelectronic Systems addresses new design flows to shorten the gap between algorithm exploration and the real-time implementation on a DSP. An interdisciplinary approach will facilitate designers to generate prototyping hardware without having detailed background in DSPs as well as low-level programming. Starting from the high-level specification of the algorithm, e.g. a C-description, the dataflow graphs are captured in a block-diagram based visual environment. After validating the processing requirement and correctness of the algorithm, C-code targeting specific commercial DSPs can be automatically generated, thus freeing the designer from the burden of low-level programming. Successive redesign and incremental changes to the system can be rapidly prototyped by just following the described design flow.
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